In the current study, we attempted to form aggregates of fibroblasts by rotationally shaking, declining fibroblast-material interactions, and augmenting cell-cell interactions. In addition, to promote cell-cell interactions, the medium was supplemented with insulin, dexamethasone, and basic fibroblast growth. Under such improved culture conditions, normal neonatal human dermal fibroblasts formed spheroidal aggregates within 1 day of rotation on a rotational shaker. The aggregates that formed had irregular shapes and were composed from only several cells after 12 h. However, they became nearly spheroidal after 24 h of shaking. The aggregates were approximately 240 µm in diameter. After 36 h of shaking, their shape became more rounded and their surfaces became smoother. No evidence of necrosis in the center of the aggregates was observed, although a small number of dead cells was scattered throughout the aggregates. After 24-36 h, aggregates of normal human fibroblasts were collected and reinoculated onto a scaffold composed of polyglycolic acid, which is used commercially as a scaffold for artificial skin, coated with collagen. The aggregates were successfully trapped to the mesh of polyglycolic acid and became attached within 24 h. Therefore, the aggregates could provide an alternative method for seeding fibroblasts to scaffold for an artificial skin, such as a mesh of polyglycolic acid.
INTRODUCTION
tissue engineering. Cell aggregates have especially been valuable in analyzing the role of the cell surface in cell A tissue-engineered skin product made by growing recognition, cell-cell interaction, and tissue formation. newborn dermal fibroblasts on a degradable three-di-Aggregates of anchorage-dependent cells, usually formed mensional scaffold has already been commercialized from cells that aggregate naturally, show higher reten- (1, 4, (6) (7) (8) . On biodegradable materials, skin fibroblasts tion and viability in suspension cultures, making them are known to release diverse kinds of cytokines that useful for large-scale cell cultures. Cell aggregation may control cellular proliferation and matrix deposition. Realso become important in the reconstitution of tissues lease of these factors from the fibroblasts is thought to and organs from donor tissue, because in many cases promote wound-healing processes including keratinocyte cell aggregation improves cell functions (5, 9) . migration/growth and neovascularization. Fibroblasts
Concerning aggregate formation of normal fibrousually form a cell sheet on such a biodegradable scaffold blasts, however, it was thought that it is not easy to orgain vitro. Therefore, an increase in the surface density of nize them into spheroidal aggregates (spheroids) (2) . the fibroblasts in a tissue-engineered skin product has a Therefore, for example, Dai and Saltzman made aggrehigh probability of further accelerating the wound-healgates of the BALB/3T3 clone A31 fibroblast cell line by ing processes of skin when implanted in patients.
the addition of water-soluble conjugates of cell adhesion In contrast, studies of spheroids (cell aggregates, peptides containing a three amino acid sequence Argthree-dimensional high-cell-density aggregates) are in-Gly-Asp (RGD) in a suspension culture (2 fibroblasts by using a thermoresponsive polymer com-RESULTS posed of poly-N-isopropyl acrylamide (PNIPAAm) and
As an original method of declining fibroblast-matetype I collagen (10, 11) . In this study, however, we were rial interactions and augmenting cell-cell interactions, the first to find that aggregates of normal neonatal huwe attempted to form spheroids of normal neonatal human dermal fibroblasts could be reproducibly formed in man dermal fibroblasts by rotational shaking. Dishes a suspension culture under specific culture conditions (diameter: 35 mm) fabricated for nonadhesive cell culwithout any additives. In addition, we also tried to deture, which decreases the interaction between cells and velop a new type of tissue-engineered skin that has an substrates, were adopted to make aggregates of fibroenhanced fibroblast density by inoculating the fibroblast blasts. The shaking speed was set at 80 rpm, so the cells spheroids at a higher density onto a biodegradable polywould be distributed in the center of the dish to augment mer mesh.
the frequency of cell-cell contact. In addition, to promote cell-cell interactions, the medium was supple-MATERIALS AND METHODS mented with insulin, dexamethasone, and basic fibroblast growth factor. Because these factors potentiate the Cell Culture secretion of extracellular matrices, the formation of ag-Normal human fibroblasts derived from neonatal dergregates is expected to be promoted. mal skin tissues (Bio-Whittaker, USA) were incubated Under such improved culture conditions, human forein Dulbecco's modified Eagle medium (DMEM, GIBCO, skin fibroblasts formed spheroidal aggregates within 1 USA) supplemented with 2% heat-inactivated (v/v) fetal day of rotation on a rotational shaker. The aggregates bovine serum (FBS, Biosciences, Australia) in 5% CO 2 / formed were irregular in shape composed from only sev-95% air. As a basal medium for a rotational culture a eral cells after 12 h ( Fig. 1A) . After 24-36 h of shaking, modified MCDB202 medium (Bio-Whittaker) was addihowever, they became almost spheroidal ( Fig. 1B, C ). tionally supplemented with 2% of FBS (Bio-Whittaker),
The diameters of the aggregates increased with time insulin (10 −6 M, Takara, Japan), dexamethasone (10 −5 M, (Fig. 2) . To verify the vitality of the fibroblasts in the Wako, Japan), and basic fibroblast growth factor (1 ng/ aggregates, the fibroblasts were stained with dyes that ml, Bio-Whittaker) (9) . could distinguish living cells from dead ones. In Figure  Single prepared cells were finally resuspended at 3A, the cells stained with calcein-AM (green color) are 1.66 × 10 6 cells/ml with the medium for a rotational culliving, while the cells with nuclei stained with propidture. Five milliliters of the suspension was conducted ium iodide (red) are dead. Figure 3A indicates that there into a dish (diameter: 35 mm, Costar, USA) fabricated was no evidence of necrosis in the center of the aggrefor nonadhesive cell cultures. The shaking speed was set gates, and that the small number of dead cells was scatat 80 rpm, so that the cells would be distributed in the tered throughout the aggregates. center of the dish. The dishes were placed together with After 24-36 h of rotational culture, the aggregates of the shaker (Iwaki, Japan) in a humidified CO 2 incubator. the normal human fibroblasts were collected and reinoc-After the aggregates formed, they were reinoculated into ulated into tissue culture-treated culture dishes and scafa culture dish and a scaffold composed of polyglycolic folds composed of polyglycolic acid coated with type I acid (Vycryl, Ethicone, USA) coated with type I collacollagen. The aggregates attached to the culture dish and gen (1.0 mg/ml, Koken, Japan) was placed in a 24-well the fibroblasts of the aggregates migrated to the dish plate. surfaces (Fig. 4) . The aggregates were successfully To confirm the vitality of the fibroblasts in the aggretrapped in the mesh of polyglycolic acid and attached to gates, the aggregates were stained with calcein-AM and the mesh within 24 h (Fig. 5 ). propidium iodide (Dojindo, Japan). Living cells stained DISCUSSION with calcein-AM are green in color. Nuclei of dead cells are red, owing to the incorporation of prodium iodide This article is the first report that normal neonatal (3). After the incubation of the aggregates with 2 µM of human dermal fibroblasts rapidly form aggregates by celcein-AM and 4 µM of propidium iodide, the aggrespecific rotational culture. To decrease the interaction gates were fixed with a 10% formalin neutral buffer sobetween cell and substrate, and to enhance the interaclution for 30 min. After being washed with phosphatetion of each cell, dishes for nonadhesive cell culture buffered saline (PBS), the samples were immersed in were used. Although Dai and Saltzman attempted to PBS containing 5%, 10%, and 15% sucrose. Subsemake aggregates in a suspension culture, they were not quently, the aggregates were dipped in O.C.T. comsuccessful under the conditions they employed (2) . They pound (Tissue-Tek, USA) and frozen to −20°C. A cryomixed 2 × 10 6 cells of the BALB/3T3 clone A31 fibrostat was then used to slice the samples to a thickness of blast cell line in 3 ml serum-free DMEM, then cultured rotationally in 25-ml flasks on an orbital shaker. Even 8 µm. after 24 h of culture, no 3T3 fibroblast aggregates were observed under their conditions. They reported that the addition of water-soluble conjugates of cell adhesion peptides, containing the three amino acid sequences Arg-Gly-Asp (RGD), and poly(ethylene glycol) (PEG) did result in the formation of aggregates. In our experiments, however, aggregates of normal fibroblasts could be formed in a suspension culture without any addition of water-soluble conjugates of cell adhesion peptides. To enhance the interactions of each cell, we inoculated the fibroblasts with a higher density (8.3 × 10 6 cells/5 ml) than that of Dai and Saltzman, in a medium supplemented with insulin, dexamethasone, and basic fibroblast growth factor. In addition, to augment the frequency of cell-cell contact, the shaking speed was set at 80 rpm, so that the cells would be distributed in the center of the dish. To decrease the interaction between cells and substrates, we used dishes fabricated for non- of numerous aggregates was observed in our experiments.
After 24 h of shaking, the aggregate diameters were in the range of 200-280 µm. The aggregate diameters differed with each experiment and appeared to depend on the cell density before collection of the fibroblasts in the cell culture flask. When fibroblasts with a sparse cell density were applied to make aggregates by suspension culture, the diameters of the aggregates tended to be larger than that of confluence. The properties of the cytoplasmic membrane of the cells, including expressions of adhesion proteins, might be related to the difference in aggregate sizes, which seemed dependent on cell den- sity before suspension culture. Further study is needed to determine the mechanism of spheroidal aggregate formation.
It is expected that the surface density of the cells in the spheroids is higher than that in a monolayer. However, the density is still not known. After trypsinization and resuspension in the culture medium, the diameter of the fibroblasts is 15 µm according to our measurement. Assuming that the volume of a single cell is kept constant in the spheroids, a spheroid whose diameter is 240 µm is calculated to have 4096 cells. If we can inoculate such aggregates in a closest packing manner onto biodegradable polymer materials, the surface cell density becomes 3.3 × 10 7 cells/cm 2 . This is 1650 times greater than that in a monolayer (2 × 10 4 cells/cm 2 ). As shown in Figure 3 , the fibroblasts that constituted aggregates were still viable and could rapidly migrate from the aggregates onto a culture dish. In addition, because the aggregates can adhere to a biodegradable material, a new type of tissue-engineered skin graft using the aggre- 
